 Rehkämper et al., 2002, Earth. Plan. Sci. Lett. 197, 65-81)
have ε
205 Tl values as low or as high as about -20 and +15, respectively (Nielsen et al., 2006b ; 155 Rehkämper et al., 2002) . 156
Of particular interest are the systematic Tl isotope relationships that were determined for 157 various marine Fe-Mn deposits (Fig. 1) . Hydrogenetic Fe-Mn crusts are thought to precipitate 158 directly from seawater, and Tl data are available for the recent growth surfaces of 17 samples 159 from all major ocean basins. These analyses revealed Tl isotope compositions that do not 160 correlate with radiogenic isotope data and display only a narrow range of ε 205 Tl values 161 (between of +10 and +14) with a mean result of ε 205 Tl = 12.8 ± 1.2 (1sd, n = 17) ( Previous batches of birnessite made in the same way were analyzed by X-ray diffraction (J. 232
Post, Smithsonian Institution) and determined to be poorly crystalline hexagonal K-birnessite 233 (Wasylenki et al., 2008) . 234
A thallium stock solution with 49.6 μg/g Tl was prepared by dissolving reagent grade 235 TlCl in 18.2 MΩ-cm water with 0.2 M KNO 3 as background electrolyte. This solution was 236 also sparged with nitrogen + 382 ppm CO 2, and the pH was adjusted to ~7 with NaOH. A 237 second Tl stock solution was prepared at 27.0 μg/g Tl for the low Tl concentration 238
experiments. 239
The first set of experiments was performed in order to investigate how quickly Tl 240 isotopic equilibrium was reached. Here, each of six 50 mL polypropylene centrifuge tubes 241 was filled with 25 g of 49.6 μg/g Tl stock solution, 2 g of birnessite suspension, and 18 g of 242 18.2 MΩ-cm water (Table 1) . Ionic strength was therefore 0.11 M in each tube and [Tl] ≈ 28 243 μg/g (Table 1 ). All tubes were shaken in a temperature-controlled shaker (Eppendorf 244 Thermomixer R) at 22°C. After shaking for the designated duration, each mixture was filtered 245 through a polyethersulfone membrane with 0.2 µm pores, and both fluid and solid portions 246 were collected for concentration and isotope analysis. A few drops of fluid always stuck to the 247 bottom of the filter assembly, so approximately 0.5-1 g of fluid was lost from each 248 experiment. Hence, to compute the proportion of Tl that sorbed in each experiment, we 249 divided the amount of Tl recovered in the solid portion by the total amount put in the 250 experiment (see section 5.1 for further discussion of sample recovery and mass balance). The 251 loss of fluid has no consequence for the isotope systematics, since all fluids and solids were 252 measured directly for Tl isotope composition.
12
The second set of experiments was designed to investigate how Tl isotope 254 fractionation varies as function of temperature and fraction of Tl sorbed. A range of 255 temperatures that encompasses most of those encountered in the marine environment was 256 chosen. At each temperature (6°, 25°, 40°C), the proportions of Tl and birnessite were varied. 257
In each experiment, an aliquot of 49.6 μg/g Tl stock solution (3 to 10 mL) was mixed with an 258 aliquot of birnessite stock (250 to 2000 µL) plus 18.2 MΩ-cm water in a polypropylene 259 centrifuge tube. These mixtures resulted in [Tl] ≈ 25 μg/g (Table 1 ). Ionic strength was 0.10 260 M in each experiment, and pH was again ~7. The mixtures were shaken at either 6°, 25°, or 261 40°C. Experiments conducted at 6° C and 25° C ran for 50 and 48 hours, respectively, 262 whereas the 40°C experiments were terminated after just two hours to avoid recrystallization 263 of birnessite to other Mn oxide minerals during the experiment. Experiments that were 264 conducted at 50°C are not included in this paper, as they showed clear signs of change in 265 grain size and aggregation behaviour after 48 hr, presumably because recrystallization of 266 birnessite to another manganese phase had begun. 267
A small, weighed aliquot of each recovered fluid was used for the measurement of Tl 268 concentrations by ICP-MS. Recovered birnessite particles with sorbed Tl were dissolved with 269 warm ~3 M HCl, and a small aliquot of each sample was used for Tl abundance 270 determination. The amounts of Tl in the portions of each experiment and the percentages of Tl 271 sorbed are listed in Table 2 . Rigorous propagation of uncertainties is difficult, since the 272 greatest source of error is likely the sample handling, rather than the analytical measurements. 273
Error bars in plots have been propagated from an estimated 5% relative uncertainty on each Tl 274 amount (Prytulak et al., 2013) . Further aliquots of each fluid and digested birnessite sample 275 were taken for isotopic analyses, which were performed according to methods described 276 below. 277 13 The third set of experiments was performed with much lower initial Tl concentrations as 278 it was suspected that the amounts of Tl added to the experiments were partially controlling the 279 observed isotope fractionation factors. Here, about 0.25 g of a 27.0 μg/g Tl stock solution and 280 ~0.5 g of birnessite stock (corresponding to about 0.4 mg of birnessite) were mixed with 281 variable amounts (~15 to 45 g) of a 0.1 M KNO 3 solution (Table 3) . These mixtures resulted 282 in starting Tl concentrations between ~0.1 and 0.4 μg/g, two orders lower than in the previous 283 experiments, which ranged from 25 to 28 μg/g Tl. Temperature was 22°C, ionic strength was 284 0.1 M, pH was ~7, and experimental duration was 44 hours. Samples were prepared for Tl 285 isotope analysis using similar methods to those applied in the other experiments. 286 287
Thallium separation and isotope composition analysis 288
Before chemical separation of Tl, all samples were evaporated to dryness and re-289 dissolved in 1 M HCl. Subsequently, 18 MΩ-cm water saturated with ~1% (vol/vol) Br 2 was 290 added in order to oxidize Tl to the trivalent state required for the column chemistry procedure 291 (Rehkämper and Halliday, 1999) . Chemical separation of Tl from the sample matrix (mainly 292
Mn and K) was performed with the anion exchange resin AG1-X8 in 100 μL resin bed 293 columns using previously described techniques (Nielsen et The fractionation factors between two samples A and B are expressed in terms of α, where 314 after 72 hr (Fig. 3) . We note that these fractionations are much smaller than those observed 328 between seawater and natural ferromanganese sediments, and possible reasons for this 329 discrepancy are discussed below. 330
The temperature dependent experiments all had nearly the same initial aqueous [Tl] , but 331 varied amounts of birnessite. This led to a wide range in the fraction of sorbed Tl (Fig. 4a)  332 and in the amount of Tl sorbed per milligram of birnessite (Fig. 4b) . The isotope fractionation 333 factors in these experiments ranged from α sorbed-dissolved ≈ 1.0004 to 1.0007 and are highly 334 correlated with the fraction of Tl sorbed and the amount of Tl sorbed per milligram birnessite. 335
The largest fractionations were recorded for the highest fractions of sorbed Tl, and since these 336 experiments contained more birnessite, the concentrations of Tl in the final solids were lower. 337
Experiments performed with low initial Tl concentrations (≤0.4 μg/g, rather than ~25 338 μg/g) exhibit the largest isotope fractionation factors between α ≈ 1.00098 and 1.00145 339 (Table 3) 
Assessment of Tl recovery from experiments 350
Using the measured isotopic compositions and concentrations of our Tl stock solutions 351 (Table 1) Our experiments were performed 381 using poorly crystalline birnessite, which has a larger surface area and therefore might have a 382
higher sorption capacity than that estimated based on the Ni experiments described above. 383
Additional uncertainty should also be considered given that Tl and Ni also sorb via somewhat 384 different processes (only Tl is oxidized during the sorption process). However, we estimate 385 that vacancy sites are unlikely to accommodate more than 5-15 wt% Tl. All of our 386 experimental products have more than 14 wt% Tl associated with the solid (up to 32 wt%), 387 which leads us to hypothesize that some Tl in our experiments is sorbed over vacancy sites, 388 but additional Tl is sorbed in a different manner. The overall isotope fractionation we observe 389 in our experiments would then be a combination of strongly fractionated, inner-sphere-over-390 vacancy Tl and another pool of Tl with unknown oxidation state that is unfractionated or only 391 slightly fractionated from solution (hereafter designated as 'slightly fractionated'). 392
If the amount of sorbed Tl in our experiments exceeds the sorption capacity of sites over 393
Mn vacancies, what could the other sorbed species be? A comprehensive answer to that 394 question is beyond the scope of this study, but Tl(I) may be able to sorb loosely, as an outer-395 sphere complex, and/or strongly, as an inner-sphere complex onto MnOH sites located at the 396 edges of the phyllomanganate sheets (hereafter referred to as 'edge sites'). Neither of these 397 sorption mechanisms is expected to result in oxidation of Tl(I) to Tl(III) (Peacock and Moon, 398 2012), and thus little or no fractionation of isotopes is expected to occur between this pool of 399 sorbed Tl and Tl remaining dissolved in solution. The latter mechanism of inner-sphere 400 sorption to edge sites has been observed previously for Ni on vernadite at high Ni surface with Tl isotope data for natural marine ferromanganese crusts (Fig. 1) , which all exhibit heavy 436 isotope compositions compared to the seawater from which they precipitated (Rehkämper et 437 al., 2004; Rehkämper et al., 2002) . Because the sorbed Tl is heavier, we infer right away that 438 the fractionation cannot be simply a kinetic effect, whereby lighter Tl sorbs more rapidly. 439
Rather, the fractionation we see in experiments and nature involves at least one equilibrium 440 step, possibly a Rayleigh process, or a combination of kinetic and equilibrium effects. 441
In our time series experiments (Fig. 3) , the data indicate a slight increase in the 442 magnitude of fractionation over the first 24 hours. This suggests that a small kinetic isotope 443 effect may overprint an equilibrium fractionation in our shortest duration experiments, but 444 such a small, short-lived effect is very unlikely to have any importance in fractionations 445 recorded in marine ferromanganese sediments and is not discussed further. 446
The fractionation factors we observe in the time series experiments (α sorbed-dissolved = 447
1.00021 to 1.00031) are all much lower than those observed between natural samples and 448 seawater (Fig. 1) , where α FeMn-seawater ≈ 1.0020 for hydrogenetic Fe-Mn crusts and α Other potential explanations could be that the experiments were conducted at different 458 pH and ionic strength than the conditions of Fe-Mn crust precipitation. Since pH strongly 459 affects the sorption capacity of solids, it is also possible that isotope fractionation is affected 460 by variable pH. We did not vary the pH of our experiments (all were conducted at pH ~7) and 461 it is therefore not possible with our present data set to evaluate if pH has a strong effect on Tl (Table 1) . A clear correlation between fraction of Tl sorbed and isotope 472 fractionation factor is evident in Table 2 and Fig. 4a , but, importantly, temperature seems to 473 have little effect on isotope behaviour. At any given fraction of Tl sorbed, the difference in 474 isotope fractionation between 6° and 40° C is less than 0.0002 in terms of α sorbed-dissolved , with 
Low Tl experiments and sorption site mixing models 497
To further investigate the relationship between Tl isotope fractionation and the amount of 498
Tl sorbed per unit of birnessite, we conducted the third set of experiments, each with the same 499 amount of birnessite and Tl. These experiments featured varying volumes of fluid (details in 500 Table 3 
We present two of our best-fit model curves. Model 1 has a low value for sorb-cap of 5 µg 519 Tl/mg birnessite, vac-frac = 1.0020, and edge-frac = 1.0003. The curve misses some of the 520 temperature dependent data, but fits the rest quite well. Model 2 has a higher sorption capacity 521 of 28 µg Tl/mg birnessite, vac-frac = 1.0023, and edge-frac = 1.0002. This curve fits our 522 high-Tl experiments better, but overestimates the fractionation factors for low-Tl experiments 523 and natural data. This simple model is built on the presumption that the above-vacancy sites 524 are high affinity sites and thus fill first, and all remaining Tl that sorbs does so via edge sites. 525
That we cannot find values for the three parameters that result in a good fit to all data suggests 526 23 that this presumption is incorrect. Perhaps Tl partitioning onto the two types of sorption sites 527 is simultaneous but the vacancy sites have higher affinity for Tl and thus fill up first. The 528 number of vacancy vs. edge sites, and thus the rate at which the two sorption sites fill, would 529 then depend on the crystallinity of the birnessite, and/or could vary with the amount of sorbed 530
Tl or as a function of aqueous [Tl] (Fig. 6) . Such mechanisms are not inconsistent with our 531 high-Tl experiments as, presumably, all vacancy sites are filled and thus these experiments do 532 not inform on the rate at which the two types of sorption sites fill. 533 (Fig.  541 6). First, we note that the relationship illustrated here serves as more evidence that our data do 542 not reflect a simple equilibrium isotope effect, because the concentration of the solution 543
would not affect the isotope fractionation factor, if a simple equilibrium between just two 544 pools (dissolved and sorbed Tl) was attained. Next, we can use the insight from the EXAFS 545 work of Peacock and Moon (2012) to speculate about an alternative mechanism, other than 546 partitioning of Tl into different sorption sites, that could lead to larger fractionation factors at 547 lower aqueous Tl concentrations. 548
We know that birnessite causes surface oxidation of aqueous Tl + to Tl 3+ , which is 549 adsorbed onto the birnessite structure (Peacock and Moon, 2012) . In principle, we can 550 therefore construct a simplified isotope exchange reaction that may be predominantly 551 responsible for the Tl isotope fractionation in birnessite: 552
In this reaction, an increase in the concentration of Tl in solution will tend to push the 554 equilibrium reaction towards the right, thereby increasing the rate of the forward reaction 555 relative to the reverse process. In this way, higher Tl concentrations in solution could result in 556 longer equilibration times. However, there is no indication in our time series data that the 557 isotope fractionation factor continues to increase for more than ~20 hr (Fig. 3) , which would 558 imply that the low-Tl experiments had sufficient time to reach their maximum isotope 559 fractionation as these were conducted at much lower Tl concentrations than the time series 560 (Table 1) . Therefore, we cannot explain the variable α in the low-Tl experiments solely by 561 considering reaction (5). 562
We can, however, break down the Tl isotope fractionation process into separate reactions 563 that are together responsible for Tl sorption, oxidation and isotope fractionation. The oxidation reaction (7) will be followed by adsorption of the oxidized Tl onto the 570 birnessite structure. On the time scale of the experiments, the latter process is probably 571 essentially unidirectional because the trivalent Tl is very strongly bound to the birnessite 572 surface (Peacock and Moon, 2012) : 573
Each of these three reactions (6, 7 and 8) account for a separate part of the total reaction 575 (5) whereby aqueous, monovalent Tl is first attracted to a sorption site and loosely bound as 576 an outer-sphere complex with no isotope fractionation (6), then it is oxidized and isotopically 577 fractionated while still loosely bound (7) and lastly adsorbed as an inner-sphere surface 578 complex at the vacancy sites with no isotope fractionation (8). During our experiments we 579 measured the isotopic difference between Tl + (aq) and Tl 3+ (s) , which means we were not directly 580 measuring the isotope fractionation factor in (7), but the sum of the three reactions (6, 7 and 581 8). This limitation is important because the reaction kinetics of all three reactions will 582 determine how much of the isotope fractionation generated in (7) will be expressed in our 583 measurements. For example, we can consider a situation in (7) Using these reaction principles we can understand why the Tl concentration of the 591 starting solution may have such a profound impact on the observed α, because 592 thermodynamics dictate that increased concentrations on the left hand side of a reaction will 593 enhance the rate of the forward reaction relative to the back reaction. The impact of the back 594 reaction in (6) is thereby controlled by the Tl concentration of the solution, which translates 595 directly to isotope fractionation if isotope equilibration is slower in (6) than in (7). If we 596 furthermore assume that reaction (8) is essentially unidirectional at the timescale of our 26 result from a dampening of the expressed isotope fractionation, which is enhanced at higher 599 initial dissolved Tl concentrations. 600 Hence, we have two possible explanations for the correlation between isotope 601 fractionation factor and initial solution concentration observed for the low-Tl experiments: 602 namely, a mixing relationship produced by the simultaneous occupation of both vacancy and 603 edge sites by Tl during sorption, or the latter kinetic model. However, given the complexities 604 of the kinetic model, it is debatable whether this can reasonably account for the systematics 605 seen in Fig. 6 . Therefore, we currently favour the explanation in which the Tl isotope 606 composition of all our experiments (low-and high-Tl) can be explained by simultaneous 607 occupation of both vacancy and edge sites by Tl during sorption. This mechanism may 608 potentially also operate in nature, which could cause variations in the effective Tl isotope 609 fractionation during sorption to Fe-Mn oxyhydroxides. However, the correlation in Fig. 6  610 would imply that the full isotope fractionation factor (and hence that only vacancy sites are 611 utilized) should occur at solution concentrations below 0.080 μg/g, which is more than three 612 orders of magnitude more concentrated than seawater. Thus, based on our data we would 613 predict essentially no variation in isotope fractionation during sorption of Tl from seawater 614 onto birnessite, which is consistent with the almost constant fractionation factor observed in 615 nature between hydrogenetic Fe-Mn crusts and seawater (Rehkämper et al., 2002) . On the 616 other hand, given the mineralogical heterogeneity of manganese oxides in diagenetic and 617 hydrothermal Fe-Mn deposits (Burns and Burns, 1977) , it is equally expected that Tl isotope 618 fractionation is highly variable in these types of Fe-Mn sediments (Peacock and Moon, 2012) . 619 620
Conclusions and outlook

621
We have conducted the first study of Tl isotope fractionation during sorption of aqueousconcentrations (~25-28 μg/g) display relatively small isotope fractionation factors of α ≈ 624 1.0002 to 1.0007 and Tl concentrations up to 34 wt% (430 µg Tl/mg birnessite). We conclude 625 that both fractionated (adsorbed at vacancy sites) and slightly fractionated (sorbed at edge 626 sites or oxidatively formed triclinic birnessite) Tl is associated with the birnessite in these 627 experiments, and the overall fractionation expressed in each experiment reflects the difference 628 between the isotopic compositions of Tl in solution and a weighted combination of the two 629 pools of sorbed Tl. 630
We observe changes of less than 0.0002 in α sorbed-dissolved when changing the temperature 631 from 6° to 40°C, which is consistent with predictions made from theoretical calculations of Tl 632 isotope fractionation (Schauble, 2007) . As such, the temperature dependence of Tl isotope 633 fractionation in Fe-Mn crusts is likely to be negligible as deep ocean water temperatures in the 634 
